A computational study based on density functional theory calculations was performed to investigate the potential possibility of using Zn 12 O 12 fullerene-like cage as an electronic sensor for SO 2 detection. For adsorption of SO 2 on the Zn 12 O 12 nanocage, three stable configurations were identified. The energy gap of Zn 12 O 12 nanocage is very sensitive to the presence of SO 2 molecule. The energy gap decreases from 4.19 eV in the free nanocage to 1.88 eV in the SO 2 -adsorbed form. This phenomenon increases the electrical conductivity of the nanocage. Considerable changes in the highest occupied molecular orbital/lowest unoccupied molecular orbital energy gap, short recovery time, high sensitivity, high electrical conductivity and also energetic favourability of the Zn 12 O 12 nanocage suggest that Zn 12 O 12 may be a potential sensor for SO 2 detection.
INTRODUCTION
Since the synthesis of carbon fullerene C60 by Kroto et al. (1985) , many studies have been carried out to investigate possible fullerene-like structures constructed using other elements, rather than just carbon, based on their physical and chemical properties as well as their applications as novel materials (Oku et al. 2004; Compagnini et al. 2012) . Among them, the use of group III and V elements, which are the neighbours of C in the periodic table, in such investigations makes boron nitride, aluminium nitride, boron phosphide, and aluminium phosphide nanocages (Oku et al. 2004; Beheshtian et al. 2012a ) an interesting subject of many studies. In addition, nano-sized metal oxides can expose a wide range of both polar and nonpolar surfaces (acidic metal and basic O sites) that are highly active for a large number of reactions. Among nano-sized metal oxides, the use of zinc oxide (ZnO) nanoclusters has attracted significant attention in the last decade owing to their physical and chemical properties (Wu et al. 2007; Prades et al. 2009 ). ZnO is a metal oxide semiconductor with a wide direct band gap and high-excitation binding energy (Duan et al. 2006) . Recently, the structural properties and stability of fullerene-like cages of (XY) n have been investigated and it has been suggested that the fullerene-like cage (XY) 12 is energetically the most stable cluster among different types of (XY) n structures (Wu et al. 2003; Wang et al. 2005) . ZnO nanoclusters have been widely investigated both theoretically and experimentally (Gao et al. 2004; Beheshtian et al. 2012b) . In this study, we report the interaction between molecules of sulphur dioxide (SO 2 ) and Zn 12 O 12 nanocage. SO 2 is an atmospheric pollutant, which is mostly produced as a result of burning of fossil fuels in automobile engines, industrial complexes, power plants and households. Subsequently, when these emitted molecules of SO 2 interact with air and atmospheric moisture, acid rain is formed, which accelerates the corrosion of metals and buildings. Therefore, developing efficient methods for the removal of SO 2 molecules or fabrication of gas sensors with the ability to sense these molecules is of great interest. Previous studies have presented different kinds of SO 2 sensors (Wang and Kumar 2003; Randhawa et al. 2004) . One-dimensional (1D) ZnO nanostructures (nanotubes, nanorods and nanowires) are promising materials for fieldeffect transistors, gas sensors, resonators, transducers and field emitters because of the large surface-to-volume ratio, controllable shapes and quantum confinement effects (Ozgur et al. 2005; Klingshirn 2007; Schmidt-Mende and MacManus-Driscoll 2007) . In addition, metal oxides such as CaO and ZnO are widely used as sorbents in SO 2 removal processes (Slack and Hollinden 1975) .
Interaction of SO 2 molecule affects the electrical properties of nanoclusters. Tuning the electronic structures of the semi-conducting ZnO nanoclusters for a specific application is important in building specific electronic and mechanical devices. However, improving the sensing performance of the pristine nanotubes, nanosheets and nanoclusters by manipulating their structure is too expensive. Thus, there is a necessity to find highly sensitive pristine nanostructures. All of the aforementioned problems have motivated us to evaluate Zn 12 O 12 nanocage as a gas sensor and the interactions of Zn 12 O 12 with SO 2 molecules have been evaluated using density functional calculations.
COMPUTATIONAL METHODS
Geometry optimizations, energy calculations, natural bond orbital (NBO) and density of states (DOS) analyses were performed on a Zn 12 O 12 nanocage and different SO 2 /Zn 12 O 12 complexes using B3LYP exchange functional with 6-31G* standard basis set were applied. For the Zn atoms, the standard LANL2DZ basis set (Becke 1988 ) was used. The computations based on the B3LYP functional have been demonstrated to be a reliable, which is the commonly used functional in the study of different nanostructures (Eid and Ammr 2011; Beheshtian et al. 2012a, b) . With optimized structures, the adsorption energy (E ad ) of the SO 2 molecule on the pure nanocage is obtained using the following equation:
(1) where E SO2/ZnO is the total energy of SO 2 -adsorbed Zn 12 O 12 nanocage; E SO2 is the energy of an isolated SO 2 molecule; E ZnO is the energy of the pristine Zn 12 O 12 nanocage. A negative or positive value for E ad refers to exothermic or endothermic processes, respectively. All the calculations were carried out using the General Atomic and Molecular Electronic Structure System (GAMESS) suite of programs (Schmidt et al. 1993 ).
RESULTS AND DISCUSION

Optimized Zn 12 O 12 Nanocage
The pure Zn 12 O 12 nanocage was allowed to relax in the optimized point, which is calculated according to the B3LYP level of theory with 6-31G* (for O atoms) and LANL2DZ (for Zn atoms) basis sets. The structure of geometry-optimized Zn 12 O 12 nanocage is composed of eight sixmembered (hexagon) and six four-membered (tetragon) rings with T h symmetry. The angles in the four-membered and six-membered rings in the Zn 12 O 12 nanocage vary from 87.2°to 92.0°and from 113.7°to 125.4°, respectively. Two topologically non-equivalent Zn-O bonds are noted in Zn 12 O 12 nanocage: one that has been shared between two hexagon rings with an approximate length of 1.91 Å and the other that is shared between a tetragon and a hexagon ring with a length of 1.98 Å [ Figure 1(a was calculated from the results of the total DOSs. As shown in Figure 1(b) , the E g of nanocage is 4.19 eV, which indicates that the nanocage is a metal oxide semiconductor.
Adsorption of SO 2 Molecule on the Zn 12 O 12 Nanocage
To find the minimum adsorption configurations of adsorbed SO 2 on the Zn In addition, the O-S-O bond angle of the SO 2 molecule has decreased from 119.1°in free SO 2 to 109.8°in the configuration. In addition, the length of Zn-O bonds of hexagon ring in the pristine Zn 12 O 12 nanocage increased from 1.91 to 2.21 and 2.85 Å in configuration A. Further indication of the deformation degree in the geometry of SO 2 due to adsorption is given by the bond-reorganization energy (E br ), which is defined as the calculated energy difference between the fully relaxed SO 2 molecule and SO 2 lifted from the complex but kept in the same geometry. The E br for each state is summarized in Table 1 . As shown in Table 1 , the E br and E ad of SO 2 for this configuration are approximately 0.48 and 2.01 eV, respectively, indicating a strong interaction between the SO 2 molecule and the Zn 12 O 12 nanocage. The NBO analysis shows a net charge (−0.56|e|) transferred from the adsorbent to the adsorbate owing to high electronegativity of the O atoms in the SO 2 molecule.
For the second most stable configuration [B, Figure 2(b) ], two S-O bonds of the SO 2 molecule are close to two Zn-O bonds of the tetragon ring and their plane is approximately parallel to surface of the Zn 12 O 12 nanocage. The interaction distance of S-O is approximately 1.67 Å and a net charge of 0.53|e| is transferred from the nanocage to the SO 2 molecule. Similar to configuration A, E ad for this configuration is approximately -1.96 eV, indicating a chemisorption process. In addition, in comparison with configuration A, the calculated E ad and E br values of configuration B are reduced. The strong interactions of the two configurations are not favourable in gas sensors because one of the most important characteristics of the sensor devices is their recovery time (τ). The strong interactions between the SO 2 molecule and Zn 12 O 12 nanocage show that desorption of the SO 2 molecule could be difficult and the nanocage device may suffer from long recovery times. Based on the conventional transition state theory, the recovery time was calculated as follows:
(2) where k is the Boltzmann's constant, T is temperature and ν 0 is the attempt frequency. According to equation (2), an increase in E ad will prolong the recovery time in an exponential path. The favourable adsorption configuration for SO 2 sensor in the complexes is C [ Figure 2(c) ]. In this configuration, two oxygen atoms of SO 2 molecule approach the Zn atoms of the tetragon ring so that its plane is perpendicular to the surface of tetragon ring. The interaction distance of O-Zn is approximately 2.44-2.47 Å and a net charge of 0.08|e| is transferred from the SO 2 molecule to the nanocage (unlike configurations A and B) . In this configuration, the adsorption of SO 2 molecule shows a little local structural deformation on both the molecule and the nanocage. The O-S-O bond angle of the SO 2 molecule and the lengths of Zn-O bonds of the hexagon ring remain almost unchanged. The E ad for this configuration is -0.54 eV, which is significantly lower than those of the previous configurations A and B. This phenomenon is an advantage while using Zn 12 O 12 nanocage as an SO 2 sensor because its energy adsorption is not too large to prevent the sensor device recovery.
Influence of SO 2 Adsorption on the Electronic Properties of the Nanocage
Finally, to investigate the potential possibility of Zn 12 O 12 nanocage as an SO 2 sensor, the influence of SO 2 adsorption on the electronic properties of the nanocage was studied. The energy difference between the highest occupied molecular orbital and the lowest unoccupied molecular orbital, E g , was calculated from DOS plots. For the Zn 12 O 12 nanocage in Figure 1 , it can be concluded that it is a metal oxide semiconductor with an E g of 4.19 eV. The DOSs for different configurations of the SO 2 /Zn 12 O 12 complex are shown in Figure 2 . As is shown in Figure 2 , the E g value of configurations A and B is 4.15 and 4.22 eV, respectively. By comparing the DOS value of the free ZnO nanocage with the configurations A and B, we found that the E g value has changed by approximately 0.95% and 0.72%, respectively, after the SO 2 adsorption. In addition, the results show that the SO 2 adsorption through these configurations has no sensible effect on the electronic properties of the nanocage. Therefore, it can be concluded that the adsorption of SO 2 molecule cannot essentially change the electrical conductance of the Zn 12 O 12 nanocage, suggesting that the Zn 12 O 12 nanocage does not have the capability of generating an effective response to the SO 2 molecule upon these adsorption configurations. The DOS plot for configuration C shows a considerable change, indicating that the electronic properties of the Zn 12 O 12 nanocage are very sensitive to the SO 2 molecule in this configuration. As is evident from the DOS plot of the configuration [C, Figure 2(c) ], its valence level is approximately similar to the pristine Zn 12 O 12 nanocage, whereas the conduction level significantly shifts downwards. A new peak appeared at -4.77 eV, and the E g value of the nanocage is reduced from 4.19 to 1.88 eV in the configuration. This peak indicates that after the adsorption of SO 2 molecule, the system becomes more semiconductor-like and significantly its electrical conductivity is increased. The phenomenon can be explained as follows (Li 2006): ( 3) where σ is the electric conductivity of the complexes and k is the Boltzmann's constant. According to equation (3), smaller E g value at an especial temperature leads to the larger electric conductivity. A change in the E g values in configuration C (55.13%, Table 1 ) indicates the high sensitivity of the electronic properties of Zn 12 O 12 nanocage towards the SO 2 molecule. Therefore, it can be deduced that Zn 12 O 12 nanocage can convert the presence of the SO 2 molecule directly into an electrical signal, and therefore could be potentially used in SO 2 sensors.
In a molecule at 0 K, the Fermi level approximately lies in the middle of E g . Table 1 indicates that the Fermi level of the configurations is shifted downwards, especially for configuration C, which leads to an increase in the work function that is important in field-emission applications. The work function is the minimum energy required for one electron to be removed from the Fermi level to the vacuum. The increment in the work function shows that the field-emission properties of the configurations are impeded upon the SO 2 adsorption. The results show that the SO 2 adsorption may have a disadvantageous effect on the field-emission properties of Zn 12 O 12 nanocage.
CONCLUSIONS
The adsorption of SO 2 molecule on the Zn 12 O 12 nanocage was studied using density functional calculations. The adsorption energy of the SO 2 /Zn 12 O 12 complexes indicated that SO 2 can be significantly absorbed on the surface of the nanocage. The considerable change in E g of the Zn 12 O 12 nanocage shows the high sensitivity of the electronic properties of Zn 12 O 12 nanocage towards the SO 2 molecule, especially in its electrical conductance. The study results show that ZnO nanocages may be a promising candidate for detecting toxic SO 2 molecules with the following advantages: short recovery time, high sensitivity and energetic favourability.
